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ABSTRACT
The rapid neutron-capture process or r -process is thought to produce the majority of the heavy elements (Z > 30) in
extremely metal-poor stars. The same process is also responsible for a significant fraction of the heavy elements in the
Sun. This universality of the r -process is one of its characteristic features as well as one of the most important clues
to its astrophysical origin. We report the discovery of an extremely metal-poor field giant with [Sr,Ba/H] ≈ −6.0
and [Sr,Ba/Fe] ≈ −3.0, the lowest abundances of strontium and barium relative to iron ever observed. Despite its
low abundances, the star 2MASS J151113.24–213003.0 has [Sr/Ba] = −0.11 ± 0.14 and therefore its neutron-capture
abundances are consistent with the main solar r-process pattern that has [Sr/Ba] = −0.25. It has been suggested
that extremely low neutron-capture abundances are a characteristic of dwarf galaxies, and we find that this star is
on a highly-eccentric orbit with apocenter & 100 kpc that lies in the disk of satellites in the halo of the Milky Way.
We show that other extremely metal-poor stars with low [Sr,Ba/H] and [Sr,Ba/Fe] plus solar [Sr/Ba] tend to have
orbits with large apocenters, consistent with a dwarf galaxy origin for this class of object. The nucleosynthesis event
that produced the neutron-capture elements in 2MASS J151113.24–213003.0 must produce both strontium and barium
together in the solar ratio. We exclude contributions from the s-process in intermediate-mass AGB or fast-rotating
massive metal-poor stars, pair-instability supernovae, the weak r -process, and neutron-star mergers. We argue that
the event was a Pop III or extreme Pop II core-collapse supernova explosion.
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1. INTRODUCTION
The rapid neutron-capture or r -process occurs when
nuclei experience a neutron flux so intense that the lag
time between neutron-capture events is less than the
corresponding α- or β-decay timescale (e.g., Burbidge et
al. 1957; Cameron 1957a,b). Many astrophysical events
have been identified as candidates to produce conditions
favorable for the r -process, most (but by no means all)
involving either core-collapse supernovae or neutron-star
mergers. Chemical evolution models of the Milky Way
suggest that common events that produce small amounts
of r -process material and rare events that produce large
amounts of r -process material are both possible (e.g.,
Qian 2000; Argast et al. 2004; Matteucci et al. 2014;
Shen et al. 2015; van de Voort et al. 2015; Naiman et al.
2017).
While the astrophysical site of the r -process is still
hotly debated, its observational signature in the abun-
dances of the neutron-capture elements (i.e., Z > 30)
has been seen from the Sun all the way to the most
ancient stars known. Whereas the abundances of the
neutron-capture elements seems to be decoupled from
the abundances of the light (i.e., Z ≤ 13), α, and
iron-peak (i.e., 21 ≤ Z ≤ 30) elements in extremely
metal-poor stars, no star completely lacking in neutron-
capture elements has yet been found (e.g., Gilroy et al.
1988; McWilliam et al. 1995a,b; Norris et al. 1996; Ryan
et al. 1996; Cayrel et al. 2004; Franc¸ois et al. 2007; Cohen
et al. 2013; Yong et al. 2013; Roederer 2013; Roederer
et al. 2014).
Even with the highest-quality data practically attain-
able, only the abundances of a few neutron-capture
elements can be measured from high-resolution spec-
tra of ordinary extremely metal-poor stars. The most
frequently measurable neutron-capture elements with
the strongest atomic transitions in the visible—and the
only ones observable in neutron-capture poor stars—are
strontium and barium. In extremely metal-poor stars,
strontium (Z = 38 and A = 86 − 88) is representa-
tive of the first r -process peak while barium (Z = 56
and A = 134 − 138) is representative of the second
peak. Though both elements can be produced by the
slow neutron-capture or s-process in asymptotic giant
branch (AGB) stars, observations of metal-poor stars
do not show contributions from the s-process for stars
with [Fe/H] . −2.8 (Simmerer et al. 2004).
The relative abundances of the neutron-capture ele-
ments in the first and second r -process peaks can be used
to diagnose the properties and astrophysical site of the
r -process that produced the heavy elements in metal-
poor stars. For most metal-poor stars, [Sr/Ba] is in-
versely correlated with [Ba/Fe]. The neutron-capture el-
ements in stars with [Sr/Ba] ∼ 1 have been suggested to
have been formed by the “weak” r -process. In this sce-
nario, the neutron flux is too weak to create the heaviest
neutron-capture elements such that the first r -process
peak is produced but the second peak is not (e.g., Tru-
ran et al. 2002). On the other hand, the neutron-capture
elements in stars with [Sr/Ba] ∼ −1 were produced
by an intense neutron flux that caused the r -process
to seemingly skip the first peak and strongly populate
the second. Metal-poor stars with [Sr/Ba] ∼ 0 are con-
sistent with the “main” r -process responsible for a sig-
nificant fraction of the neutron-capture elements in the
Sun. Interestingly, there is a hint that in the most
neutron-capture poor stars the inverse correlation be-
tween [Ba/Fe] and [Sr/Ba] is broken and [Sr/Ba] ∼ 0 is
consistent with the main r -process (e.g., Franc¸ois et al.
2007; Lai et al. 2008). In other words, the same main
r -process seems to be responsible both for the Sun and
for the stars closest in time to the first r -process events.
It is easier to model the chemical evolution of classi-
cal and ultra-faint dwarf (UFD) galaxies than the Milky
Way, so neutron-capture abundances in dwarf galaxies
are especially useful in the effort to identify the as-
trophysical site of the r -process. Until recently, most
observational data suggested that at constant metallic-
ity the metal-poor stars in UFD galaxies had neutron-
capture abundances below those of stars in the halo of
the Milky Way. To date, neutron-capture poor giants
(i.e., [Sr,Ba/Fe] < −1) have been observed in the UFD
galaxies Boo¨tes II (Ji et al. 2016d), Coma Berenices
(Frebel et al. 2010), Leo IV (Simon et al. 2010; Franc¸ois
et al. 2016), Reticulum II (Roederer et al. 2016), Segue
1 (Frebel et al. 2014), Segue 2 (Roederer & Kirby 2014),
Triangulum II (Kirby et al. 2017), Tucana II (Ji et al.
2016b), and Ursa Major II (Frebel et al. 2010). Such
stars also occasionally occur in classical dwarfs like Ca-
rina (Venn et al. 2012), Draco (Fulbright et al. 2004;
Cohen & Huang 2009), Hercules (Koch et al. 2014), and
Sculptor (Starkenburg et al. 2013; Jablonka et al. 2015;
Simon et al. 2015a). These observations lead to the sug-
gestion that low neutron-capture abundances are a sig-
nature of dwarf galaxy chemical evolution (e.g., Frebel &
Norris 2015). This idea is consistent with the hypoth-
esis that UFD galaxies are the closest known objects
to the first galaxies, possibly hosting stars without any
neutron-capture elements at all.
The recent discovery of the UFD galaxy Reticulum II
has provided another important clue to the origin of
the r -process (Koposov et al. 2015a,b; Bechtol et al.
2015; Simon et al. 2015b; Walker et al. 2015). Most
stars in Reticulum II are extremely enriched in neutron-
capture elements (Ji et al. 2016a,c; Roederer et al.
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2016). The extreme enrichment disfavors r -process nu-
cleosynthesis in small amounts in individual supernovae
and instead favors the injection of a large amount of
neutron-capture elements in a rare event like a magne-
torotationally driven supernova, neutron star–neutron
star merger, or black hole–neutron star merger. Given
the relative isolation and chemically-primitive nature of
Reticulum II, it provides the first unambiguous evidence
for r -process nucleosynthesis in a rare event that pro-
duced a large amount of neutron-capture elements.
All currently known dwarf galaxies are more than 20
kpc from the Sun though, so even metal-poor giants are
usually too faint to collect high-resolution spectra with
a sufficient signal-to-noise ratio (S/N) to measure the
abundances of strontium and barium in neutron-capture
poor stars. Much more often it is only possible to set
upper limits. While upper limits on neutron-capture
abundances for dwarf galaxy stars are consistent with
the lowest neutron-capture abundances seen in the field
(e.g., Roederer 2013), in dwarf galaxies it is impossible
to differentiate stars with no neutron-capture elements
from stars with little neutron-capture elements. That
test could only be done with brighter, nearby extremely
metal-poor giants that are also neutron-capture poor.
Here we report the discovery of 2MASS J151113.24–
213003.0, an extremely metal-poor star with the lowest
abundance of neutron-capture elements relative to iron
ever observed. We describe our observations in Section
2, and the analysis of those data in Section 3. In Section
4 we discuss the origin of 2MASS J151113.24–213003.0
and the mechanisms that could have produced the chem-
ical abundance pattern we observe. We conclude in Sec-
tion 5.
2. OBSERVATIONS
We identified 2MASS J151113.24–213003.0 as a can-
didate metal-poor star because it satisfies criteria (1)–
(4) of the photometric selection described in Schlauf-
man & Casey (2014).1 We initially observed the star
on 22 June 2014—the first night of Magellan obser-
vations for the pilot “Best and Brightest” program—
using the Magellan Inamori Kyocera Echelle (MIKE)
spectrograph on the Magellan Clay Telescope at Las
Campanas Observatory (Bernstein et al. 2003; Shect-
man & Johns 2003). Our moderate signal-to-noise ra-
tio (S/N ≈ 30) high-resolution (R ≈ 28,000) snapshot
spectrum confirmed that 2MASS J151113.24–213003.0
is an extremely metal-poor giant. A preliminary de-
tailed chemical abundance analysis revealed remarkably
1 We note that 2MASS J151113.24–213003.0 also satisfies the
full selection as defined in Schlaufman & Casey (2014).
low levels of strontium and barium plus no detectable
quantities of other neutron-capture elements.
This peculiar chemical pattern prompted us to acquire
a high-quality follow-up spectrum. We therefore ob-
served 2MASS J151113.24–213003.0 with MIKE a sec-
ond time during evening twilight of 1 August 2015. The
analysis presented here is based on those observations.
We used the 0.35′′ slit, which provides a spectral res-
olution of R ≈ 83,000 in the blue and R ≈ 65,000 in
the red. We obtained three exposures of 1,200 seconds
each at airmass < 1.03 in clear conditions with variable
seeing between 0.5′′ and 1.7′′. Calibration frames were
taken in the afternoon (e.g., biases, quartz and “milky”
flat fields, ThAr lamp frames). The signal-to-noise ratio
of the stacked spectrum reaches S/N ≈ 130 pixel−1 at
345 nm on the blue side, and S/N ≈ 280 pixel−1 at 500
nm on the red side.
3. ANALYSIS
We reduced the raw spectra and calibration frames us-
ing the CarPy software package (Kelson 2003; Kelson et
al. 2014). The first step in our analysis of the extracted
1D spectrum was to place it in the rest frame. We used
a spline function to continuum normalize the echelle or-
der that includes the Ca II near-infrared triplet. We
then measured the radial velocity by cross correlating
the normalized order with a rest-frame normalized spec-
trum of the metal-poor giant star HD 122563. Using
this line-of-sight velocity, we shifted all echelle orders
to the rest frame without resampling. After applying
the heliocentric correction2, we find a radial velocity of
vrad = 14.4± 1.0 km s−1.
3.1. Stellar Parameters
It is well established that the spectroscopic stellar pa-
rameters of metal-poor giant stars suffer from system-
atic uncertainties due in part to the violation of the
assumptions of local thermodynamic equilibrium (LTE;
e.g., Korn et al. 2003). These effects are particularly
noticeable in the classical excitation/ionization balance
approach, which results in significant biases in effective
temperature Teff , surface gravity log g, and metallic-
ity [Fe/H] (e.g., Frebel et al. 2013a). For this reason,
we performed a complementary determination of the
spectroscopic stellar parameters of 2MASS J151113.24–
2 In Schlaufman & Casey (2014) we incorrectly reported the
heliocentric radial velocity of 2MASS J151113.24–213003.0 as
31.0 km s−1. During the course of this work we discovered that
the radial velocity measurements reported in Schlaufman & Casey
(2014) did not include a correction for heliocentric motion. An er-
ratum is in preparation. The heliocentric radial velocity measured
on 2014 June 22 is 13.4± 1.0 km s−1.
4 Casey & Schlaufman
213003.0 to minimize the effect of systematic uncer-
tainty.
The complementary approach makes use of the wings
of Balmer lines present in our spectrum, as Balmer line
wings are extremely sensitive to Teff given a high-S/N,
high-resolution spectrum. Because they have little de-
generacy with other astrophysical parameters, the wings
of Balmer lines are arguably the most accurate way of
spectroscopically determining Teff when a high-quality
spectrum is available (e.g., Fuhrmann 1998; Barklem
et al. 2003). A limitation is that the profile wings are
strongly degenerate with the continuum, and to a lesser
extent, the residual line-of-sight velocity and the instru-
ment resolution (Korn 2002).
In order to account for the correlations between as-
trophysical and nuisance parameters, we constructed a
generative model for the data. We used the grids of
continuum-normalized hydrogen line profiles computed
by Barklem et al. (2003).3 However, our tests revealed
that interpolating fluxes between grid points—even
with high-order polynomial or spline interpolation—
produced systematic offsets in flux at the order of 1.0%.
The bias direction and magnitude varied depending on
position in the Hertzprung-Russell diagram. While this
is a small offset, the sensitivity of the Balmer line wings
implies that this could propagate to a bias in Teff of
about 50 K. Moreover, the number of pixels used when
comparing the model and the data here is relatively
small, implying that single-pixel systematics introduced
by interpolation could have a noticeable effect on the
inferred stellar parameters.
Consequently, we chose not to interpolate the grid of
pre-computed Balmer-line profiles. Instead we calcu-
lated the likelihood at each grid point and marginalized
over the nuisance parameters described above. Specif-
ically, for each pre-computed Balmer line profile we
modeled the continuum by multiplying the continuum-
normalized flux with a third-order polynomial with co-
efficients {cm}Mm=1, and we included a term for the resid-
ual radial velocity vres.
We constructed a mask to exclude the core of each line,
as well as any stellar or telluric absorption in the neigh-
boring wings. For each Balmer line model we optimized
the nuisance parameters by minimizing the negative log-
likelihood − logL. We then used the Gaussian approx-
imation of a K-dimensional integral (2pi)K/2/
√
detΣ
(based on the formal covariance matrix Σ) to marginal-
ize over the nuisance parameters at every grid point.
3 http://www.astro.uu.se/∼barklem/
We tested this approach by fitting the H-α, H-β, H-
γ, and H-δ lines separately using unnormalized echelle
orders of the well-studied metal-poor stars HD 122563
and HD 140283. For these stars, we found the H-β line
to be the best indicator of Teff .
4 For HD 122563, our
marginalized 1D posterior peaks at Teff = 4543
+90
−130 K.
For HD 140283, the posterior peaks at Teff = 5448
+80
−70 K.
These results are in excellent agreement with bolomet-
ric temperatures determined using interferometric radii
(Heiter et al. 2015). That approach suggests that HD
122563 has Teff = 4587 ± 60 K, a central value just 44
K hotter than our measurement. A similar calculation
indicates that HD 140283 has Teff = 5522 ± 105 K, 74 K
warmer than our central value. In both cases, the tem-
peratures we find for HD 122563 and HD 140283 are
within one standard deviation of either the bolometric
or the spectroscopic uncertainty. Confident in our ap-
proach, we report the effective temperature of 2MASS
J151113.24–213003.0 as Teff = 4602
+199
−156 K (Figure 1).
We note that the posteriors on log g and [M/H] from
fitting the H-β line were uninformative: they suggested
2MASS J151113.24–213003.0 is more likely a metal-poor
giant than a metal-rich dwarf, but the probability dis-
tribution function is flat.
We determined log g, [Fe/H], and microturbulence ξ
by measuring the strengths of Fe I and Fe II atomic
absorption lines. We normalized individual rest-frame
echelle orders by fitting a spline function to continuum
regions, then resampled and stacked individual orders
onto a common dispersion array to produce a contiguous
rest-frame normalized spectrum from 331 nm to 916 nm.
Following the algorithm described in Casey (2014), we
measured the strengths of individual absorption lines by
fitting Gaussian profiles. All profiles were scrutinized to
identify and discard obviously spurious measurements.
We take the strengths and associated atomic data for
all transitions from Roederer et al. (2010). We report
both our measurements and the atomic data we used in
Table 3.
Given our Teff inferred from the wings of the H-β line,
we performed an ionization balance to determine log g,
[Fe/H], and ξ. We used the α-enhanced model atmo-
spheres from Castelli & Kurucz (2004) and the 2011
version of MOOG (Sneden 1973; Sobeck et al. 2011) to
calculate line abundances. With Teff = 4602 K fixed, we
find log g = 0.84, [Fe/H] = −3.05, and ξ = 2.22 km s−1.
However, because the surface gravities of metal-poor gi-
ant stars are routinely underestimated due to non-LTE
effects, we chose to adopt log g = 1.02 from a 10 Gyr α-
4 A similar process leading to the same conclusion can be found
in Barklem et al. (2002).
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Figure 1. Magellan/MIKE spectrum of 2MASS J151113.24–213003.0 surrounding the H-β line. The center panel is the
spectrum itself (where the flux have arbitrary units), the bottom panel is the spectrum divided by the inferred continuum, and
the top panel is the residual difference between the data and the model. We also plot in red the optimized model closest grid
point to the maximum a posteriori solution.
enhanced Dartmouth isochrone of [Fe/H] = −2.5 (Dot-
ter et al. 2008). This produced just a 0.02 dex decrease
in the mean metallicity to [Fe/H] = −3.07 and a 0.05 km
s−1 decrease in microturbulence to ξ = 2.17 km s−1. It
also caused (〈Fe I〉 − 〈Fe II〉) to decrease to −0.07 dex.
We report the adopted parameters and associated un-
certainties in Table 1. These values are in good agree-
ment with the stellar parameters derived from our re-
connaissance spectrum and reported in Schlaufman &
Casey (2014). The effective temperature inferred from
the H-β line is 115 K cooler than the Schlaufman &
Casey (2014) measurement determined solely by excita-
tion balance, and the 0.1 dex changes in log g and [Fe/H]
are consistent with the change in inferred temperature.
These differences are within the quoted 1-σ uncertainties
of both Schlaufman & Casey (2014) and this study.
3.2. Detailed Chemical Abundances
We report the detailed chemical abundances of
2MASS J151113.24–213003.0 in Table 2. For most ele-
ments, we determined individual chemical abundances
from measured equivalent widths of unblended atomic
lines. However, we adopted a synthesis approach for
molecular features (e.g., CH) and for atomic transitions
with strong isotopic splitting or hyperfine structure
(specifically scandium, manganese, cobalt, and cop-
per). We used molecular data for CH from Masseron
et al. (2014) as well as hyperfine/isotopic splitting data
from Kurucz & Bell (1995) for the iron-peak elements,
Bie´mont et al. (1999) for barium, and Lawler et al.
(2001a,b) for europium and lanthanum. We assume r -
process only isotopic fractions from Sneden et al. (2008).
For some elements we were only able to measure the
abundance from a single atomic transition. One example
is K I, where our abundance is calculated solely from the
767 nm line because the 770 nm line was contaminated
by strong telluric absorption. Similarly, only upper lim-
its were possible for many of the elemental abundances.
This includes lithium, oxygen, cobalt, copper, and all of
the neutron-capture elements except strontium and bar-
ium. Upper limits were calculated from the strongest
absorption line available for each species. Most of our
derived abundance limits are not informative despite the
high quality of our spectrum.
3.3. Dynamics
We combined the stellar parameters inferred in Sec-
tion 3.1 with isochrones and multi-band photometry to
compute a posterior distance distribution to 2MASS
J151113.24–213003.0. We used B and V photometry
from APASS DR9 (Henden et al. 2015); J , H, and Ks
photometry from 2MASS (Skrutskie et al. 2006); and
W1, W2, and W3 photometry from WISE (Wright et
al. 2010). Apparent magnitudes were de-reddened us-
ing the Schlegel et al. (1998) dust maps as updated
by Schlafly & Finkbeiner (2011). We used the MIST
isochrone grid (Dotter 2016; Choi et al. 2016; Pax-
ton et al. 2011, 2013, 2015) supplied with the Python
isochrones package (Morton 2015). This leads us to
an inferred distance of d = 7.5+0.6−0.5 kpc.
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Table 1. Parameters of 2MASS J151113.24–213003.0
Property Value
Right ascension α (J2000) 15 11 13.24
Declination δ (J2000) −21 30 03.0
V -band apparent magnitudea 12.66± 0.06
J −Ks colorb 0.62
Reddeningc E(B − V ) 0.099
Effective temperature Teff 4602
+199
−156 K
Surface gravity log g 1.02+0.15−0.15
Metallicity [Fe/H] −3.07± 0.10
Microturbulence ξ 2.17± 0.10 km s−1
Radial velocity vrad 14.4± 1.0 km s−1
Proper motiond in α (µα cos δ) −4.1± 0.9 mas yr−1
Proper motiond in δ (µδ) −21.0± 0.9 mas yr−1
Informed analysis (preferred)
Heliocentric distance d 7.1+0.6−0.5 kpc
Galactocentric distance dGC 4.7
+0.1
−0.1 kpc
Max height above Galactic plane zmax 106.6
+22.8
−29.1 kpc
Apocenter rapo 125.2
+31.7
−35.5 kpc
Pericenter rperi 4.3
+0.2
−0.1 kpc
Eccentricity e 0.93+0.01−0.02
Uninformed analysis
Heliocentric distance d 4.2+1.0−1.0 kpc
Galactocentric distance dGC 5.2
+0.5
−0.4 kpc
Max height above Galactic plane z zmax 7.7
7.9
−1.8 kpc
Apocenter rapo 9.7
+12.3
−2.8 kpc
Pericenter rperi 4.0
+0.3
−0.2 kpc
Eccentricity e 0.53+0.24−0.14
aPhotometry from APASS DR9 (Henden et al. 2015)
bPhotometry from 2MASS (Skrutskie et al. 2006)
cUsing the Schlegel et al. (1998) dust maps as updated by Schlafly
& Finkbeiner (2011)
dProper motions from UCAC5 (Zacharias et al. 2017)
After considering the available proper motions from
HSOY (Altmann et al. 2017), PPMXL (Roeser et al.
2010), SPM4 (Girard et al. 2011), UCAC4 (Zacharias
et al. 2013), and UCAC5 (Zacharias et al. 2017), we
adopted the proper motions from UCAC5. UCAC5 in-
corporates Gaia DR1 astrometry to improve the UCAC4
proper motions and currently provides the best avail-
Table 2. Chemical abundances of 2MASS
J151113.24–213003.0
Species N log(X) σ
1 [X/H] [X/Fe I]
Li I 1 < −0.25 · · · < −1.30 < 1.78
C (CH) 4.80 0.10 −3.63 −0.55
O I 1 < 6.92 · · · < −1.77 < 1.31
Na I 1 3.63 · · · −2.61 0.47
Mg I 11 5.08 0.09 −2.52 0.55
Al I 1 2.79 · · · −3.67 −0.59
Si I 2 5.09 0.13 −2.42 0.66
K I 1 2.19 · · · −2.84 0.24
Ca I 17 3.36 0.06 −2.98 0.10
Sc I 6 −0.05 0.07 −3.20 −0.13
Sc II 7 −0.01 0.12 −3.16 −0.09
Ti II 36 1.77 0.13 −3.18 −0.11
V II 1 1.10 · · · −2.83 0.25
Cr I 13 2.16 0.17 −3.48 −0.40
Cr II 2 2.63 0.02 −3.01 0.06
Mn I 7 1.74 0.09 −3.69 −0.62
Mn II 1 1.76 · · · −3.67 −0.59
Fe I 223 4.42 0.12 −3.08 0.00
Fe II 23 4.49 0.12 −3.01 0.07
Co I 1 < 2.91 · · · < −2.08 < 1.00
Ni I 9 3.12 0.12 −3.10 −0.02
Cu I 1 < 1.36 · · · < −2.83 < 0.25
Zn I 2 1.51 0.01 −3.05 0.03
Ga I 1 < 0.74 · · · < −2.30 < 0.77
Rb I 1 < 1.26 · · · < −1.26 < 1.82
Sr II 2 −3.04 0.17 −5.91 −2.84
Y II 1 < −1.62 · · · < −3.83 < −0.76
Zr II 1 < −1.29 · · · < −3.87 < −0.80
Nb II 1 < −0.37 · · · < −1.83 < 1.25
Mo I 1 < −0.70 · · · < −2.58 < 0.50
Sn I 1 < 0.71 · · · < −1.33 < 1.75
Ba II 1 −3.62 · · · −5.80 −2.72
La II 1 < −2.68 · · · < −3.78 < −0.70
Ce II 1 < −1.25 · · · < −2.83 < 0.25
Pr II 1 < −1.36 · · · < −2.08 < 1.00
Nd II 1 < −1.91 · · · < −3.33 < −0.25
Sm II 1 < −1.62 · · · < −2.58 < 0.50
Eu II 1 < −2.98 · · · < −3.50 < −0.42
Gd II 1 < −2.01 · · · < −3.08 < 0.00
Tb II 1 < −2.28 · · · < −2.58 < 0.50
Dy II 1 < −1.98 · · · < −3.08 < 0.00
Tm II 1 < −1.98 · · · < −2.08 < 1.00
Yb II 1 < −3.24 · · · < −4.08 < −1.00
Hf II 1 < −1.48 · · · < −2.33 < 0.75
Ir I 1 < −0.45 · · · < −1.83 < 1.25
Pb I 1 < −0.83 · · · < −2.58 < 0.50
1 This is the statistical uncertainty (standard deviation)
of the line abundance for each species. We estimate the
systematic uncertainty at 0.10 dex for all elements, which
we recommend be added in quadrature.
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able proper motions for bright stars not included in the
Tycho-Gaia Astrometric Solution (Michalik et al. 2015;
Lindegren et al. 2016). As a result, UCAC5 has the most
precise proper motions and reports µα cos δ = −4.1± 0.9
mas yr−1 and µδ = −21.0±0.9 mas yr−1. Given a giant
star with d ≈ 7 kpc, a proper motion in excess of 20
mas yr−1 implies a significant transverse velocity. We
note that all of the proper motions catalogs we checked
report similarly high proper motions in declination.5 In
fact, the UCAC5 proper motions we adopt are slightly
smaller in magnitude than the values reported in other
catalogs.
We sample 1,000 Monte Carlo realizations from the
d posterior and the uncertainty distributions of vrad,
µα cos δ, and µδ under the assumption that they are nor-
mally distributed. We used each Monte Carlo realization
as initial conditions for an orbit and integrated it for-
ward 10 Gyr in a Milky Way-like potential using galpy
(Bovy 2015). We adopted the MWPotential2014 de-
scribed by Bovy (2015). In that model, the bulge is
parameterized as a power-law density profile that is ex-
ponentially cut-off at 1.9 kpc with a power-law exponent
of −1.8. The disk is represented by a Miyamoto-Nagai
potential with a radial scale length of 3 kpc and a ver-
tical scale height of 280 pc (Miyamoto & Nagai 1975).
The halo is modeled as a Navarro-Frenk-White halo with
a scale length of 16 kpc (Navarro et al. 1996). We set
the solar distance to the Galactic center as R0 = 8 kpc
and the circular velocity at the Sun to V0 = 220 km s
−1
(Bovy et al. 2012). We find that 2MASS J151113.24–
213003.0 is approaching pericenter (rperi = 4.3
+0.2
−0.1 kpc)
on a highly-eccentric orbit (e = 0.93+0.01−0.02). We plot pro-
jections of galactic position (x, y, z) from all realizations
in Figure 2.
We repeated these inferences using a less-constrained
distance prior to gauge the impact of our inferred stellar
parameters. That is, we repeated the analysis described
above with all available multi-band photometry, but
with no constraint on reddening and with increased un-
certainties on our spectroscopic stellar parameters. We
imagined that all we knew about 2MASS J151113.24–
213003.0 was that it was an extremely metal-poor giant
and set Teff = 4750 ± 250 K, log g = 1.5 ± 0.5, and
5 UCAC5 reports µδ = −21.0 ± 0.9 mas yr−1 for 2MASS
J151113.24–213003.0. That value is consistent with the HSOY
(−22.2± 2.1 mas yr−1), PPMXL (−24.3± 3.9 mas yr−1), SPM4
(−22.2 ± 1.3 mas yr−1), and UCAC4 (−21.7 ± 1.4 mas yr−1)
values. Indeed, all five catalogs agree within the 1-σ uncertainty
quoted by each catalog, and all catalogs consistently report µδ
at a level exceeding 6 σ. Because 2MASS J151113.24–213003.0 is
bright (V = 12.66), none of these entries are likely to be in error
due to misidentification.
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Figure 2. Integrated orbits of 2MASS J151113.24–213003.0
over 10 Gyr from 1,000 Monte Carlo realizations in a Milky
Way-like potential. We plot individual orbits as gray lines
and the maximum a posteriori orbit as the red arrow. We
also indicate the positions of 49 classical and ultra-faint
Milky Way dwarf galaxies as gray points. The maximum a
posteriori orbit is aligned with a plane passing through most
of the Milky Way’s satellite galaxies. While most realizations
result in unbound orbits, some remain bound.
[Fe/H] = −3.0 ± 0.5. We refer to this distance poste-
rior as “uninformed”. The net effect is that our default
“informed” analysis places 2MASS J151113.24–213003.0
about 3 kpc further away from the Sun than the “uni-
formed” analysis would suggest (a 2.5-σ difference). Us-
ing this new distance posterior, we integrated orbits for
10 Gyr using the same Milky Way-like potential. The ec-
centricity drops from 0.93+0.01−0.02 in the informed analysis
to a less precise but still significantly non-zero value of
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0.53+0.24−0.14. The change in heliocentric distance between
the two analyses makes 2MASS J151113.24–213003.0
more likely to be bound in the uninformed analysis, with
significant differences in both zmax and rapo. Pericenter
and Galactocentric distance remain unchanged, and in
both analyses 2MASS J151113.24–213003.0 appears to
be approaching pericenter on an eccentric orbit. We
present the inferred orbital parameters from both anal-
yses in Table 1.
4. DISCUSSION
Our measurement of [Sr,Ba/H] ≈ −6 for 2MASS
J151113.24–213003.0 is surpassed by only three ultra-
metal poor halo stars: BPS CS 22968–0014, BPS CS
22885–0096, and SMSS J031300.36–670839.3 (Roederer
et al. 2014; Keller et al. 2014; Bessell et al. 2015; Nord-
lander et al. 2017). The [Sr,Ba/Fe] ≈ −3 abundances
we measured in 2MASS J151113.24–213003.0 are more
than a factor of two smaller than any previous mea-
surement for an extremely metal-poor star in the com-
prehensive Stellar Abundances for Galactic Archaeology
(SAGA) Database (Suda et al. 2008). Despite its record-
low neutron-capture abundances, 2MASS J151113.24–
213003.0 has [Sr/Ba] = −0.11 ± 0.14 and is therefore
fully consistent with the [Sr/Ba] = −0.25 inferred for
the solar r -process (e.g., Sneden et al. 2008). We also
showed that 2MASS J151113.24–213003.0 is on an orbit
coincident with the locations of numerous classical and
ultra-faint dwarf galaxies. We expand on these obser-
vations and discuss their implications in the following
subsections.
4.1. Chemical Abundances of 2MASS
J151113.24–213003.0
The light, α, and iron-peak element (i.e., Z ≤ 30)
chemical abundance pattern of 2MASS J151113.24–
213003.0 is consistent with the abundance ratios ob-
served in metal-poor giants in the Milky Way (Fig-
ure 3). We see the largest discrepancies in the α
elements calcium and titanium, where we find that
2MASS J151113.24–213003.0 has [Ca,Ti/Fe] ∼ 0. How-
ever, two other α elements magnesium and silicon are
higher than the Roederer et al. (2014) field population
([Mg/Fe] = 0.55 and [Si/Fe] = 0.66), producing an av-
erage [〈Mg,Ca,Si,Ti〉/Fe] value of 0.35. We note that
because 2MASS J151113.24–213003.0 is a relatively cool
giant, it is probably more affected by non-LTE effects
than most stars in the Roederer et al. (2014) sample.
For this reason, we expect that some of elemental abun-
dances of 2MASS J151113.24–213003.0 will lie near the
edge of the Roederer et al. (2014) abundance distribu-
tion. This effect was clearly seen by Casey & Schlaufman
(2015) for manganese in low surface gravity extremely
metal-poor giants analyzed in a similar way.
In contrast to the light, α, and iron-peak element
abundance pattern, we find that the neutron-capture
element abundance pattern in 2MASS J151113.24–
213003.0 differs significantly from the Milky Way’s halo
population. This is obvious in Figure 4, where we
compare the spectra of 2MASS J151113.24–213003.0
and HD 126587—another extremely metal-poor giant
with similar stellar parameters—in the vicinity of the
strongest Sr II and Ba II transitions. These transitions
are usually very strong in metal-poor giants. However,
in the spectrum of 2MASS J151113.24–213003.0 we find
the equivalent width of the Ba II line at 455 nm is only
5mA˚.6 Similarly, we estimate that the equivalent widths
of the Sr II lines at 408 nm and 422 nm to be about 15
mA˚. We note that hidden blends may be contributing
up to 9 mA˚ to the 422 nm line, as the ratio of oscillator
strengths between these two Sr II transitions indicates
that the equivalent width of the 408 nm line should be
about twice as large than the 422 nm transition. In any
case, the weaknesses of these lines imply extremely low
abundances of strontium and barium: [Sr,Ba/H] ≈ −6
and [Sr,Ba/Fe] ≈ −3.
These extraordinary abundances are a significant de-
parture from the typical neutron-capture abundances
seen in metal-poor giants in the halo of the Milky Way,
even after accounting for the large intrinsic scatter seen
in [Sr/Fe] and [Ba/Fe]. More quantitatively, if we repre-
sent the abundance ratios of [Ba/Fe] seen in metal-poor
giants in the halo of the Milky Way by a Gaussian with
parameters µ = −0.57 and σ = 0.44 dex (e.g., Yong et
al. 2013), then 2MASS J151113.24–213003.0 sits more
than 5 σ below the mean value. We find the same result
for [Sr/Fe], but we note that the two abundance ratios
are correlated to some degree.
It is well known that the neutron-capture elements in
the Sun are produced in near equal proportion through
the r- and s-processes (e.g., Sneden et al. 2008). The
s-process elements in the Sun are thought to have
been created in intermediate-mass AGB stars. On
the other hand, due to the Gyr timescale required for
an intermediate-mass star to reach the AGB, there is
no evidence for s-process contribution to the neutron-
capture abundances of stars with [Fe/H] . −2.8 (e.g.,
Simmerer et al. 2004). While there are clearly excep-
tions for stars in binary systems where mass trans-
fer appears to have occurred, this is unlikely to be
the case for 2MASS J151113.24–213003.0 given its low
6 We determined the Ba II abundance by spectral synthesis.
We include this equivalent width measurement for completeness.
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Figure 3. The light, α, and iron-peak element abundance ratios of 2MASS J151113.24–213003.0 (circles and upper limits)
compared to the distribution of abundance ratios from Roederer et al. (2014) for metal-poor field giants (boxes and whiskers).
In general, 2MASS J151113.24–213003.0 shows element abundance ratios that are consistent with other metal-poor field stars
for Z ≤ 30.
neutron-capture abundances and subsolar [C/Fe] ratio.
As a result, the neutron-capture elements in 2MASS
J151113.24–213003.0 are unlikely to have been produced
in the standard s-process.
More exotic models of the s-process may be possible
in the early Universe. Cescutti et al. (2013) used mod-
els of the s-process in massive, fast-rotating, and metal-
poor stars by Frischknecht et al. (2012, 2016) to suggest
that these “spinstars” could be responsible for some of
the scatter in the [Sr/Ba] ratio observed in stars with
[Fe/H] . −2.5. While the Frischknecht et al. (2012,
2016) model of the s-process in a M∗ = 25 M star
with [Fe/H] = −7 can explain the [Sr/Ba] = −0.11 ra-
tio we observe in 2MASS J151113.24–213003.0, those
same models predict [C/Fe] ≈ 1.2 and [O/Fe] ≈ 1.4
that are excluded by our observations. Consequently,
the neutron-capture elements in 2MASS J151113.24–
213003.0 are unlikely to have been produced by an exotic
s-process in a spinstar.
4.2. A Disrupted Dwarf Galaxy Star?
The r -process-enhanced stars in Reticulum II not
withstanding, it appears that many metal-poor giants
in dwarf galaxies have low abundances of the neutron-
capture elements (e.g., Frebel & Norris 2015). To put
the abundances of 2MASS J151113.24–213003.0 in con-
text, we plot in Figure 5 its [Sr/Fe] and [Ba/Fe] abun-
dance ratios along with a sample of both Milky Way
halo and dwarf galaxy giant stars (Fulbright et al. 2004;
Koch et al. 2008, 2013; Cohen & Huang 2009, 2010;
Frebel et al. 2010, 2014; Norris et al. 2010; Simon et
al. 2010; Tafelmeyer et al. 2010; Honda et al. 2011;
Kirby & Cohen 2012; Gilmore et al. 2013; Ishigaki
et al. 2014; Jablonka et al. 2015; Simon et al. 2015a;
Franc¸ois et al. 2016; Ji et al. 2016a,b,c; Kirby et al.
2017). Our measurement of [Sr,Ba/H] ≈ −6 for 2MASS
J151113.24–213003.0 is lower than any reported mea-
surements for dwarf galaxy members. Our measurement
of [Sr,Ba/Fe] ≈ −3 is surpassed only for strontium by
SDSS J100710.07+160623.9, a star with [Fe/H] = −1.66
in the UFD galaxy Segue 1.
The extraordinarily-low neutron capture abundances
of 2MASS J151113.24–213003.0 and the apparent over-
abundance of such stars in dwarf galaxies relative to
the halo begs the question: did 2MASS J151113.24–
213003.0 form in an undiscovered or now-disrupted
dwarf galaxy? If 2MASS J151113.24–213003.0 formed in
a dwarf galaxy, then regardless of the fate of its parent
system the orbital properties of 2MASS J151113.24–
213003.0 should be very similar to those of its parent
system. In Figure 2 we plotted possible orbits of 2MASS
J151113.24–213003.0 consistent with the best available
observational data as well as the positions of 49 classical
or ultra-faint dwarf galaxies that orbit the Milky Way.
The known dwarf galaxies are arrayed in a plane that
is nearly coincident with the orbital plane of 2MASS
J151113.24–213003.0 (e.g., Pawlowski et al. 2012). The
alignment between its orbit and the disk of satellites
is a hint that 2MASS J151113.24–213003.0 may have
formed in a galaxy with a similar orbit.
Cosmological simulations preformed by Wetzel (2011)
suggest that some dwarf galaxies will be accreted by
Milky Way-like systems on radial orbits with high ec-
centricities 〈e〉 & 0.85. Those dwarf galaxies on ra-
dial orbits are more likely to experience tidal stripping
near pericenter and be disrupted (e.g., Dekel et al. 2003;
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Figure 4. Continuum-normalized Magellan/MIKE spec-
trum surrounding the Sr II and Ba II lines measurable in
2MASS J151113.24–213003.0. We plot the observed spec-
trum in black, its uncertainty in gray, and the optimized
model in red. For comparison we also plot with the dashed
line the normalized spectrum of HD 126587, an extremely
metal-poor giant with similar stellar parameters but with
solar abundance ratios of strontium and barium.
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Figure 5. Strontium and barium abundance ratios of gi-
ant stars in the Milky Way field and dwarf galaxies. We
indicate the position of 2MASS J151113.24–213003.0 with a
black star in both panels. We plot Milky Way giants from
the large samples of Franc¸ois et al. (2007), Ishigaki et al.
(2013), Yong et al. (2013), and Roederer et al. (2014) as
gray points. We plot stars in classical and ultra-faint dwarf
galaxies as colored points or arrows for upper limits. 2MASS
J151113.24–213003.0 has significantly lower neutron-capture
abundances than any star previously known.
Taylor & Babul 2004; McCarthy et al. 2008). Intrigu-
ingly, 2MASS J151113.24–213003.0 is on such an or-
bit. 2MASS J151113.24–213003.0 remains on a highly-
eccentric orbit even in our uninformed analysis with ex-
tremely conservative uncertainties on its spectroscopic
properties.
The small number of giant stars observed in low-
mass dwarf galaxies in the halo implies that any tidally-
disrupting low-mass dwarf galaxy at∼10 kpc would have
an extremely low surface brightness and be distributed
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over many tens of square degrees. Pan-STARRS pro-
vides the best imaging data along the line of sight to
2MASS J151113.24–213003.0, but we see no evidence
of a dwarf galaxy or surface brightness substructure in
that part of the sky. However, given the possibility that
the parent system could be very dispersed, the absence
of evidence for low-mass dwarf galaxy or surface bright-
ness substructure is not evidence of absence.
While the abundances and orbit of 2MASS J151113.24–
213003.0 provide circumstantial evidence of its possible
origin in a now-disrupted dwarf galaxy, it is impossible
to firmly make that association with those data alone.
To explore the possible association further, we searched
the SAGA database for other metal-poor giants with
[Fe/H] . −3.0, log g . 3.0, and [Sr,Ba/Fe] . −1.5. We
cross matched those stars with the UCAC5 proper mo-
tion database and retained those stars with 5-σ proper
motion detections. The five stars so selected were BPS
CS 22885–0096 and BPS CS 22960–0048 from Roed-
erer et al. (2014) along with BPS CS 22968–0014, BPS
CS 29502–0042, and BPS CS 30325–0094 from Franc¸ois
et al. (2007). We estimated the distance to each star
and calculated their orbits using radial velocities from
Bonifacio et al. (2009) and Roederer et al. (2014) fol-
lowing the same approach that we described in Section
3.3. We find that all five stars save BPS CS 29502–
0042 have rapo & 20 kpc and are therefore members
of the outer halo. Assuming the rapo distribution from
Beers et al. (2017), the probability that four of five
randomly-selected extremely metal-poor field stars have
rapo & 20 kpc is only 3% (about 1.9 σ). The outer
halo is known to have a significantly larger fraction of
its stellar population contributed by disrupted dwarf
galaxies than the inner halo (e.g., Carollo et al. 2007;
Schlaufman et al. 2012), so the statistical association of
the neutron-capture poor phenomenon with the outer
halo also points to its association with dwarf galaxies.
We conclude this subsection by summarizing three rel-
evant facts. First, 2MASS J151113.24–213003.0 is on an
eccentric orbit with apocenter&100 kpc aligned with the
disk of satellites in the halo of the Milky Way. Second,
neutron-capture poor giants appear to be more com-
mon in dwarf galaxies than in the field halo population.
Third, neutron-capture poor stars in the halo tend to
have large apocenters. While individually none of these
observations are conclusive proof of 2MASS J151113.24–
213003.0’s origin in a now-disrupted dwarf galaxy, we
argue that the preponderance of evidence points in that
direction. If 2MASS J151113.24–213003.0 did originate
in a dwarf galaxy, then it would be much closer and
brighter than any other star formed in a dwarf galaxy.
Thanks to their proximity and therefore bright appar-
ent magnitudes, 2MASS J151113.24–213003.0 and the
other neutron-capture poor extremely metal-poor giants
potentially provide the best opportunity to study the
origin of the heaviest elements in dwarf galaxies.
4.3. Origin of the r-process material in 2MASS
J151113.24–213003.0
2MASS J151113.24–213003.0 has extraordinarily-low
neutron capture abundances [Sr,Ba/H] ≈ −6.0 and
[Sr,Ba/Fe] ≈ −3.0, but solar [Sr/Ba] ≈ −0.1. Any
possible origin for its neutron-capture elements must
occur promptly and be able to simultaneously explain
both observations. We have shown that the neutron-
capture elements in 2MASS J151113.24–213003.0 can-
not be attributed to a standard or exotic s-process, so
they must have been created by the r -process. While
the origin of the r -process has been thoroughly debated
since it was first described by Burbidge et al. (1957) and
Cameron (1957a,b), we will limit our discussion to the
two sites most favored today: core-collapse supernovae
and neutron-star mergers.
For most of its history, core-collapse supernovae have
been the favored astrophysical origin of the r -process.
Many models in the literature can produce neutron-
capture material following a core-collapse supernovae,
and most rely on a neutrino-driven wind expected to
be produced in the first few seconds following the cre-
ation of a neutron star. In the high temperature and
entropy conditions in the evacuated bubble surrounding
the newly-formed neutron star, a neutrino can bind with
a proton to produce a neutron and a positron, driving
an expanding wind and producing a bubble of neutron-
rich material to seed the r -process (e.g., Meyer et al.
1992). However, the r -process yields in this scenario are
extremely sensitive to the equation of state, the elec-
tron fraction, the neutrino properties, and the β-decay
rate, among other factors (e.g., Qian & Woosley 1996;
Hoffman et al. 1997; Thompson et al. 2001).
Most models find that neutrino-driven winds from a
proto-neutron star following a core-collapse supernova
can be very effective at producing less-massive r-process
nuclei (e.g., strontium, yttrium, and zirconium). In con-
trast, it is generally difficult to produce heavier nuclei
with A & 130 like barium, and this under production of
heavy nuclei relative to the solar r -process pattern has
remained a problem (e.g., Roberts et al. 2010; Roberts
2012). Some groups have succeeded in producing so-
lar ratios of r -process material following core-collapse
supernovae, but these successes critically depend on a
sensitive time-dependent electron fraction and other un-
certain factors. They also require strong magnetic fields
or neutron star masses in excess of 2 M to create the
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heavier nuclei in significant proportions (e.g., Wanajo
2013). While neutron star masses near 2 M have been
inferred in the field (e.g., Lattimer 2012), the causality
limit breaks above 2.4 M. In short, most models of
core-collapse supernovae generally have trouble produc-
ing heavy r-process elements like barium in the solar
r -process ratio unless somewhat exotic conditions are
invoked.
Population III stars with 140 M . M∗ . 260 M
could end their lives as pair-instability supernovae and
may produce neutron-capture elements in some situ-
ations. If the neutron-capture elements in 2MASS
J151113.24–213003.0 were the result of a pair-instability
supernova, then Heger & Woosley (2002) predicted that
we should observe a strong odd/even effect in the light
and α elements as well as very little zinc. We do not
see an odd/even effect and we see [Zn/Fe] = 0.03.
Accordingly, the neutron-capture elements in 2MASS
J151113.24–213003.0 are unlikely to have been produced
by the r -process in a pair-instability supernovae.
Nevertheless, core-collapse supernovae are an attrac-
tive astrophysical site for the creation of the neutron-
capture elements in 2MASS J151113.24–213003.0. Su-
pernovae must have occurred before the formation of
2MASS J151113.24–213003.0 as its light, α, and iron-
peak element abundances require them. Supernovae also
occur promptly, so there is no timescale problem. If
supernovae produce r -process elements, then they pro-
duce them only in small quantities—less than 10−7 M
(e.g., Tsujimoto et al. 2000). An event that promptly
produces light, α, iron peak, and a small amount of
neutron capture elements is fully consistent with the
5×10−14 M and 2×10−14 M of strontium and barium
in 2MASS J151113.24–213003.0. Indeed, the models of
Heger & Woosley (2010) indicate that Pop III super-
novae in the mass range 40 M . M∗ . 75 M with
a range of energies, piston locations, and mixing pa-
rameters can accommodate the abundances of 2MASS
J151113.24–213003.0.
Neutron-star or black hole–neutron star mergers have
attracted significant recent attention as a possible astro-
physical site of the r -process (e.g., Lattimer & Schramm
1976; Lattimer et al. 1977; Eichler et al. 1989; Davies
et al. 1994; Freiburghaus et al. 1999). The escape of
neutron-rich matter from the deep potential well of a
neutron star during a merger produces rapid neutron-
capture nucleosynthesis consistent with the main solar
r -process. Neutron-rich material can escape the merger
in unbound tidal tails or in a wind from a rotationally-
supported accretion disk left behind by the merger and
seed the interstellar medium with neutron-capture ele-
ments. Neutron-star or black hole–neutron star merg-
ers are also thought to be capable of producing ele-
ments in all three peaks of the main solar r -process
(e.g., Wu et al. 2016; Roberts et al. 2017; Ferna´ndez
et al. 2017). Because of their expected rarity compared
to core-collapse supernovae, neutron-star or black hole-
neutron star mergers are thought to produce significant
quantities of neutron-capture material (e.g., Argast et
al. 2004). Unlike supernovae, they require a significant
lag time between the onset of star formation and in-
jection of neutron-capture elements into the interstellar
medium. They also do not produce significant amounts
of the light or α elements.
The observation of r -process enrichment in the metal-
poor giant stars in the UFD galaxy Reticulum II by Ji
et al. (2016a) and Roederer et al. (2016) provides em-
pirical evidence for a rare, prolific source of r -process el-
ements as well as the nucleosynthesis produced by such
an event. Because Reticulum II is so far unique in a
sample of about 20 UFD galaxies, the process that cre-
ated its neutron-capture elements is rare. The empirical
properties of the nucleosynthesis event in Reticulum II
can be inferred from Figures 5 and 6: [Sr/Fe] ≈ 0.5,
[Ba/Fe] ≈ 1.0, and −1 . [Sr/Ba] . 0. Given its isola-
tion, Ji et al. (2016a) suggested that it would take more
than 1,000 typical core-collapse supernovae to produce
the mass of r -process elements present in Reticulum II.
This is incompatible with the star formation history and
metallicity distribution of the galaxy. Instead, Ji et al.
(2016a) favored an event that produced a large amount
of neutron-capture elements without creating much iron.
They suggested that either a neutron-star merger or a
magnetorotationally-driven supernova (e.g., Winteler et
al. 2012) were the best candidates, though the full distri-
bution of neutron-capture material in Reticulum II may
still require an additional source (Ji et al. 2016c).
Taking all of these facts into account, the best expla-
nation for the origin of the neutron-capture elements
in 2MASS J151113.24–213003.0 is a Pop III or ex-
treme Pop II core-collapse supernova. Core-collapse
supernovae are prompt, and at least one such explo-
sion is necessary to have created the Z ≤ 30 elements
in 2MASS J151113.24–213003.0. Despite the difficul-
ties theoretical models of the r -process in core-collapse
supernovae have producing elements with A & 130,
our observation empirically suggests that somewhere
in some core-collapse supernovae strontium and bar-
ium are both produced in the solar ratio. Rare r -
process events—presumably mergers involving a neu-
tron star or magnetorotationally-driven supernova—like
the event that occurred in Reticulum II produce [Sr/Fe]
and [Ba/Fe] far too high to explain our observations
of 2MASS J151113.24–213003.0. This conclusion is
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Figure 6. [Ba/Fe] versus [Sr/Ba] for very metal-poor gi-
ants omitting stars with only upper limits on strontium or
barium. We indicate the position of 2MASS J151113.24–
213003.0 with a black star. We plot Milky Way giants from
the large samples of Franc¸ois et al. (2007), Ishigaki et al.
(2013), Yong et al. (2013), and Roederer et al. (2014) as
gray points. We plot stars in classical and ultra-faint dwarf
galaxies as colored points. 2MASS J151113.24–213003.0 has
extremely low [Ba/Fe] but solar [Sr/Ba].
strengthened by the evidence we presented above that
2MASS J151113.24–213003.0 formed in a now-disrupted
dwarf galaxy. That is, Reticulum II demonstrates the
abundance signatures of stars in dwarf galaxies seeded
with neutron-capture elements by a rare, prolific event.
The fact that 2MASS J151113.24–213003.0 does not fit
that pattern suggests its neutron-capture elements were
created by a qualitatively different process.
While 2MASS J151113.24–213003.0 is superlative in
that it has the lowest [Sr/Fe] and [Ba/Fe] yet seen, the
most neutron-capture poor stars previously known share
many of its properties. Franc¸ois et al. (2007) and Lai
et al. (2008) found that extremely metal-poor stars in
the Milky Way with decreasing [Ba/H] abundance ratios
showed higher [Sr/Ba] representative of a possible weak
r -process in contrast the solar [Sr/Ba] expected in the
main r -process. In Figure 7, we plot the abundances
of 2MASS J151113.24–213003.0 along with the empir-
ical yields of both the main and weak r -process. We
follow Roederer (2017) and define the weak r -process
as the average abundances of the stars HD 88609 and
HD 122563 from Honda et al. (2006, 2007). We de-
fine the main r -process as the average abundances of
the stars BPS CS 22892–0052 and BPS CS 31082–0001
from Sneden et al. (2003, 2009) and Hill et al. (2002).
We extend to [Ba/H] . −6 the results of Franc¸ois et
al. (2007) and Lai et al. (2008) that for neutron-capture
poor stars with [Ba/H] . −4.5 the main r -process is
favored over the weak r -process preferred for common
extremely metal-poor stars. Franc¸ois et al. (2007) went
on to suggest different regimes where weak r -process
models could play a role before concluding that it was
unnecessary for stars with [Ba/H] . −4.5. As a re-
sult, we assert that the r -process material in 2MASS
J151113.24–213003.0 is consistent with being produced
wholly from the main r -process with no contributions
from the weak r -process.
These observations extend the parameter space in
which the r -process appears to be universal. The uni-
versality of the r -process usually refers to the idea that
the neutron-capture abundance pattern in r -process en-
hanced metal-poor stars is very similar to the inferred
solar r -process pattern describes. This remarkable ob-
servation implies that the same r -process pattern ob-
served in the Sun is seen in both extraordinarily neutron-
capture rich and extraordinarily neutron-capture poor
extremely metal-poor stars.
The extraordinarily low but non-zero abundances
of neutron-capture elements we observed in 2MASS
J151113.24–213003.0 and our conclusion that Pop III or
extreme Pop II supernovae produced neutron-capture
elements leads to the prediction that there will never be
a Pop II star found without any neutron-capture ele-
ments. Our inference that 2MASS J151113.24–213003.0
formed in a now-disrupted dwarf galaxy suggests that
stars in dwarf galaxies with low upper limits on the
their strontium and barium abundances have compara-
ble abundances to those we see in 2MASS J151113.24–
213003.0 and are not neutron-capture free. We predict
that when high-resolution spectrographs on 30 m class
telescopes are used to investigate the neutron-capture
abundances of stars in dwarf galaxies that are currently
too faint for high-resolution spectroscopy, they will not
find any stars without neutron-capture elements. We
suggest that the same will be true in the large number of
as-of-yet undiscovered UFD galaxies that will be found
by the Large Synoptic Survey Telescope.
5. CONCLUSIONS
We described the properties of 2MASS J151113.24–
213003.0, a star we discovered and found to have
[Sr,Ba/H] ≈ −6.0 and [Sr,Ba/Fe] ≈ −3.0. These are
the lowest abundances of strontium and barium rela-
tive to iron ever observed. In addition, the star has
[Sr/Ba] = −0.11 ± 0.14 consistent with the scaled so-
lar r -process pattern that has [Sr/Ba] = −0.25. We
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Figure 7. Neutron-capture element abundances and upper limits for 2MASS J151113.24–213003.0. We also plot the empirical
yields of the main and weak r-processes in blue and orange respectively. The y axis has been clipped for clarity and not all upper
limits are shown. We have scaled both theoretical curves to the [Sr/H] abundance of 2MASS J151113.24–213003.0. The [Ba/Fe]
ratio of 2MASS J151113.24–213003.0 indicates that its neutron-capture abundances are consistent with the main r -process.
find that 2MASS J151113.24–213003.0 has an extreme
orbit taking it beyond 100 kpc that is aligned with
the disk of satellites in the halo of the Milky Way.
These observations indicate that it may have formed in
a now-disrupted dwarf galaxy. We confirm that other
neutron-capture poor stars preferentially have Galactic
orbits with apocenters beyond 20 kpc, suggesting that
neutron-capture poor stars belong to the outer halo
stellar population. Since the contribution of disrupted
dwarf galaxies to the halo increases significantly with
distance and many stars in surviving dwarf galaxies
are neutron-capture poor, this relationship supports
the idea that neutron-capture poor stars form in dwarf
galaxies. After considering both the standard and ex-
otic s-process as well as the r -process in core-collapse
supernovae, pair instability supernovae, and mergers in-
volving a neutron star we concluded that the explosion
of a Pop III or extreme Pop II star provided the best ex-
planation for the origin of the neutron-capture elements
in 2MASS J151113.24–213003.0. Despite the apparent
theoretical difficulty in doing so, this empirical inference
requires that both strontium and barium be formed in
the solar ratio somewhere in some kind of core-collapse
supernovae.
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